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Background: Clostridium difficile is a health care-associated infection of increasing importance. the purpose of this study was to estimate the time until death from any cause and time until release among patients with C. difficile, comparing the burden of those in the intensive care unit (icU) with those in the general hospital population. Methods: a parametric mixture model was used to estimate event times, as well as the case-fatality ratio in icU and non-icU patients within a cohort of 609 adult incident cases of C. difficile in the Southeastern United States between 1 July 2009 and 31 December 2010. Results: icU patients had twice the median time to death (relative time = 1.97 [95% confidence interval (ci) = 0.96-4.01]) and nearly twice the median time to release (1.88 [1.40-2.51]) compared with non-icU patients. icU patients also experienced 3.4 times the odds of mortality (95% ci = 1.8-6.2). cause-specific competing risks analysis underestimated the relative survival time until death (0.65 [0.36-1.17]) compared with the mixture model. Conclusions: Patients with C. difficile in the icU experienced higher mortality and longer lengths of stay within the hospital. icU patients with C. difficile infection represent a population in need of particular attention, both to prevent adverse patient outcomes and to minimize transmission of C. difficile to other hospitalized patients.
(Epidemiology 2014;25: 570-575) C lostridium difficile infection is a rapidly increasing cause of health care-associated infections. Based on discharge data from the Healthcare cost and Utilization Project nation-wide inpatient Sample, approximately 336,000 cases of C. difficile infection occur annually in the United States. 1 this number of cases would cost approximately $500 million per year. 2, 3 in contrast to other health care-associated infections, C. difficile incidence has increased in the United States, canada, and europe, despite prevention efforts. 4 the design and analysis of interventions to prevent C. difficile is complicated by the setting in which infection takes place. Hospitalized patients are statistically nonindependent with respect to infectious outcomes, as they share health care providers, a common environment, and a host of other factors. infected patients act as a source of exposure for other patients in addition to having their own outcomes. Single-intervention studies are rare and difficult to conduct. thus, hospital policy is often decided upon with scarce data and incomplete information. in this kind of environment, mathematical and costeffectiveness models are widely used for decision making. to inform model development, there is a need for unbiased epidemiologic estimates of patient outcomes, including length of stay and all-cause mortality, to quantify the experience of a patient with C. difficile infection.
Quantifying these outcomes presents a 3-fold problem. First, infection events cannot be considered independent, necessitating analytic techniques that account for clustering within a hospital. Second, to facilitate the use of these estimates in mathematical models, cost-effectiveness research, and other applications, rates or hazards must be directly estimated. Finally, patients may experience several mutually exclusive outcomes such as death or release from the hospital. to address this final problem, competing risks approaches must be used. conventional competing risk analysis (ie, a cause-specific survival model) estimates the time to one outcome while treating the other outcomes as censored. 5 these estimates address a particular question; namely, in the case of death versus release from a hospital, they estimate the time until death if no one were ever released or the time until release if no one ever died while in the hospital. although in some settings this approach might be acceptable, we wish to estimate the time until death given the observed levels of release, and the time until release given the observed levels of mortality, to inform future transmission modeling.
this study aims to address the problems enumerated above by applying parametric mixture survival models to copyright 
METHODS

Study Population
We used a cohort of 609 adult (>18 years of age) incident cases of C. difficile infection admitted between 1 July 2009 and 31 December 2010 obtained from infection control surveillance data from 28 hospitals within the Duke infection control Outreach network, a group of hospitals that shares infection control expertise and data in the southeastern United States. 6 the maximum number of cases from a single hospital was 74, the minimum 1, and the median 13. all cases were hospital onset, health care facility-associated, as defined by the center for Disease control and Prevention (cDc)'s surveillance guidelines. 7 Specifically, cases must have arisen in the hospital more than 48 hours after admission. institutional review boards at the Duke School of Medicine and the University of north carolina at chapel Hill approved the study protocol.
Survival Times and Outcomes
the study had 2 competing, mutually exclusive outcomes of interest: death from any cause and release from the hospital within 180 days, the latter being judged to be well beyond the duration of C. difficile infection. the origin of time at risk was defined as the date of a positive test for C. difficile. the event time was given as the date of release from the hospital or date of death. the single patient with an event time >180 days was censored at 180 days, and the 12 patients with an unknown event time were considered interval-censored from 12 hours after diagnosis to 180 days after diagnosis. Patients who were diagnosed and discharged on the same date were assumed to spend 12 hours in the hospital.
Exposure Definition and Covariate Selection
the icU status of a patient was determined at the time of diagnosis of C. difficile infection. icU patients were those in the hospital's icU at the time of their diagnosis, and non-icU patients were those not in the icU at the time of diagnosis, regardless of whether their treatment subsequently involved the icU.
inverse probability weights were used to control for confounding by patient characteristics measured at hospital admission. 8 Using such weights, rather than regression adjustment, allows estimated curves to represent the marginal survival function, rather than survival conditional on covariates. 9 Variables considered for inclusion in the model were the following: patient age; whether the patient was on dialysis; if the patient had been previously hospitalized within 12 weeks before the current admission; if that prior admission had been in the same institution as the current admission; if the patient had been previously diagnosed with C. difficile; the patient's sex and race; source of admission (where the patient had been before admission); the medical specialty primarily responsible for the patient (medicine, surgery, obstetrics/gynecology, etc); discharge from any hospital within the past year; and whether the C. difficile infection was a new episode, a recurrent episode, or a continuation, per cDc definitions. 7 Potential confounders were included in the weighting model if they were moderately associated (P < 0.20) with either time until death or release using a Weibull or log-normal parametric survival model, respectively. We included higher order terms for the sole continuous variable (age at admission) and bivariate interactions that moderately improved model fit as evaluated by a likelihood ratio test (P < 0.20). Multiple imputation was used to handle missing covariate values, which resulted in 119 cases with at least 1 missing variable. thirty imputations were based on a multivariate normal model with all variables in the substantive analysis, including outcomes. imputations were combined using rubin's canonical variance estimator. 10
Parametric Mixture Model
We modeled time to death and time to release as a mixed survival function, S D (t) and S N (t), respectively, where S D (t) + S n (t) = 1 at t = ∞, indicating all patients having experienced 1 of the 2 outcomes of interest. these 2 functions, as well as the proportion of patients who died (π) and who were released (1-π), give a probability of an event time T taking place at
. Details on the theory and implementation of this type of model have been published. 11 in brief, these functions can be estimated using maximum-likelihood methods, with the likelihood of a given individual i expressed as follows (equation 1):
where f D (t) and f n (t) are the probability density functions for death and release, δ and θ are indicators for death = 1 and release = 1, and ζ and η are indicators for interval-censored times for death and release. For interval-censored observations, t i1 and t i2 indicate the 2 times bracketing the censored interval, where t i1 < t i2 ; in this study, t i1 = 0.5 and t i2 = 180 days. Weighting is incorporated by multiplying the natural log of L i by individual patient i's weight. the survival functions used in the mixture model may be any parametric functions. Previous studies have used exponential, 12 log-normal, 13 and generalized gamma survival functions, 14 differing functions for each outcome, 5 and nonparametric extensions of the Kaplan-Meier method, 15 among others. in this study, we used a Weibull function for death and a log-normal function for release. this choice mirrored the bestfitting parametric models in the single-outcome models discussed below and in the confounder selection process.
robust standard errors with clustering by hospital were calculated to account for nonindependence among patients in the same hospital. From this model, we obtained 5 main estimates: the ratios of median survival times for death (rt D ) and release (rt n ) between the icU cases and non-icU cases; the proportions who died in hospital for the icU cases and non-icU cases (π 1 and π 0 , respectively); and the odds ratio of the mixing proportions (Or π ), which provides a relative measure of mortality between the icU groups.
For comparison purposes, the cohort was also analyzed using conventional competing risks analysis, with each outcome modeled independently and patients who experienced the other event being considered censored at their event time. the distribution for each parametric model was determined by comparing models using the exponential, Weibull, lognormal, log-logistic, and generalized gamma distributions and selecting the model with the lowest akaike's information criterion. Based on this comparison, we selected a Weibull survival model to model time until death and a log-normal survival model to model release. as with the mixture model, robust standard errors were used to account for nonindependence arising from clustering by hospital. all analysis was done using SaS 9.2 (SaS institute, cary, nc).
RESULTS
the characteristics of the patient populations in icU and non-icU are summarized in table 1, with the age distribution of the cohort shown in eFigure 1 (http://links.lww.com/eDe/ a794). there were 160 (26%) icU patients and 449 (74%) non-icU patients.
in the icU population, 42 patients (26%) died, whereas in the non-icU population 43 patients (10%) died. the remaining patients were released from the hospital. eFigure 2 (http://links.lww.com/eDe/a794) provides a graphical depiction of the distribution of exposures, outcomes, and survival times in a 20% random sample of the cohort.
the following factors were at least moderately associated with 1 of the 2 outcomes: patient's age, sex, and race; the source of admission; whether this was a surgical patient; patient on dialysis; and a new case of C. difficile infection (in contrast to a continuing or recurrent case) (table 2). We found the following interactions to result in improved model fit for the outcome-specific models: between patient's race and sex, age; whether this was a new C. difficile infection case and dialysis status; patient's sex and both surgical and dialysis status; and admission source and patient age and dialysis status.
Parametric Survival Models
Using a conventional competing risks approach, the relative time to death (rt D ) for the icU versus non-icU populations was 0.65 (95% confidence interval [ci] = 0.36-1.17), suggesting that icU patients died marginally more swiftly than their counterparts in the general hospital population. the relative time until release (rt n ) was 2.30 (1.66-3.18), reflecting longer lengths of stay within the icU population (Figure 1) . the mixing proportion in the icU population (π 1 ) was 0.28, whereas the mixing proportion in the non-icU population (π 0 ) was 0.10. the odds ratio of the mixing proportions (Orπ) was 3.38 (95% ci = 1.84-6.19), which reflected the substantially higher burden of mortality in icU patients compared with those in the general hospital population. comparing the median event times between icU and non-icU patients, rt D was 1.97 (95% ci = 0.96-4.01) and rt n was 1.88 (1.40-2.51) (Figure 2 ). the robust standard errors resulted in a slight inflation of a parameter's uncertainty and performed similarly to standard errors obtained using a nonparametric bootstrap method (not shown). compared with the multiply imputed data used in the primary analysis, estimates using complete cases were less precise and resulted in markedly different effect estimates (etable 1; http://links.lww.com/eDe/a794).
Our estimates, in contrast to those from the conventional models described above, indicate that, despite the higher severity of illness that might reasonably be assumed, patients admitted to the icU experienced longer times to both death and release compared with patients in the general hospital population. the differences in estimates between the 2 models are summarized in table 3.
DISCUSSION
the purpose of this study was to examine the outcomes experienced by patients with C. difficile infection as a mixture of 2 simultaneously occurring survival processes rather than as 2 disjoint events. We believe that this approach more realistically captures the actual disposition of patients within the hospital. the use of a weighted, parametric mixture model allows for the estimation and prediction of survival times, produces marginal effect estimates and covariate-adjusted survival curves, and is free from the proportional hazards assumption. this assumption, however, is exchanged for the need to correctly specify the underlying distribution of event times, as well as proportional survival times. this method illustrates the potential for incorrect estimation in conventional survival analysis when both outcomes are relevant to infection prevention efforts. the conventional competing risks model found a slightly reduced time until death for icU patients (rt D of 0.65 [95% ci = 0.36-1.17]). in contrast, the mixture model's estimate of rt D (1.97 [0.96-4.01]) is not only on the other side of the null but the cis of the 2 estimates do not overlap.
On the surface, the estimate from the conventional survival model feels more intuitive. the linkage between the frequency of an outcome and the speed at which the outcome occurs is a familiar one in survival analysis, but that familiarity should not be mistaken for mathematical certainty. the origin of this misestimation lies in what is being modeled. Being capable of modeling only the time until an event, the conventional approach assumes that the survival function for death at t = ∞ is equal to zero when in truth a minority of patients experience this outcome during their hospital stay. the rest are treated as censored; their event times are pushed out toward the tail of the distribution. this, in turn, causes the conventional survival model to vastly overestimate the per-time probability of death. For example, the probability of death at 90 days is 0.765 for icU and 0.622 for non-icU patients using a conventional approach-both unrealistically inflated values, given the known lower mortality rate in the study population.
in contrast, the mixture model decouples frequency and rate, forcing both survival functions to equal the mixing proportion of their respective outcomes at t = ∞, a less stringent requirement. By doing so, it can produce more realistic probabilities of an event occurring. in contrast to the inflated 90-day probabilities of death discussed above, the mixture model estimates a probability of death at 90 days at 0.275 for icU and 0.014 for non-icU patients. these differences in the estimated survival functions are the source of the disparate estimates of rt D and rt n . Such differences in estimated survival times have potentially important downstream effects on administrative decisions, mathematical, or cost-effectiveness models, and so on.
Focusing on the results of the parametric mixture model, we found that icU patients infected with C. difficile experience both longer times until death and longer overall lengths of stay after infection, as well as a burden of mortality 3 times that of their non-icU peers. these differences may arise because of the inherent clinical differences in patients requiring intensive care compared with those who do not. While non-icU patients died faster, they also died in much lower numbers, perhaps representing those patients with acute conditions beyond the capacity of the hospital to treat-patients with acute stroke or cardiac arrest-or those patients whose palliative goals do not involve aggressive treatment and transfer to the icU. in contrast, intensive care patients require more aggressive care and die relatively more frequently. at the same time, aggressive, specialized, icU care may prolong their lives significantly.
the study estimates suggest that icU populations demand additional resources and attention from an infection prevention perspective to control the hospital-wide problem of C. difficile. the icU has a proportionately large volume of adverse outcomes, and icU patients' longer length of stay may contribute more to the contamination of the hospital environment and serve as a reservoir for in-hospital transmission of C. difficile. Patients have been shown to shed C. difficile into the environment continuously after infection, even after their symptoms have subsided. 16 Because of their longer time in the hospital, icU patients have increased opportunities to shed C. difficile spores. Whether this higher individual-level potential for shedding is outweighed by the considerably larger number of spore-shedding patients within the general hospital population who are hospitalized for shorter time periods warrants further examination.
this study has several limitations. it is not a study of the effect of C. difficile on patient outcomes but rather a study of the effect of the clinical settings on patients infected with C. difficile. although the surveillance data used have information on whether a given patient died within the hospital, it cannot necessarily be assumed that these deaths were attributable to C. difficile, either solely or as part of a constellation of ailments. Understanding the effect of clinical setting on patient outcomes in turn allows for the examination of the patient's potential impact on the hospital's environment during their infection, until it is interrupted favorably by release from the hospital or unfavorably by the patient's death. While less patient-centric than the results of other study methodologies, these types of estimates are crucial for the study and a adjusted for patient's age, sex and race, location before admission, whether the patient was a surgical patient or on dialysis, and if this was a new cDi episode. rt D indicates ratio of median survival times until death; rt n , ratio of median survival times until release; r π , odds ratio of mixing proportions in the icU and non-icU patient population.
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www.epidem.com | 575 prevention of hospital-acquired infections, where infected patients not only represent adverse outcomes but also are sources of infection risk to other patients. icU exposure status was assigned at diagnosis, whether a patient passed through the icU after their diagnosis. therefore, some icU-exposed patients may be misclassified. Finally, patients may experience a recurrent infection without the assessors' knowledge of the prior infection, primarily because the previous treatment was at another hospital. therefore, some covariate misclassification may have occurred. However, these limitations are inherent in the difficult task of conducting observational studies within a hospital setting, and they occur regardless of the analytic methods.
Our approach allows the separate estimation of the timing of an event and the frequency with which it occurs, providing a more nuanced view of the outcomes experienced by patients with C. difficile infection. as the interest in health care-associated infection prevention increases, so too does the need for more sophisticated analytic techniques to reflect the complexity surrounding patients, providers, and the environment of a healthcare facility.
